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ABSTRACT. In high resolution sodium dodecyl sulfategel electrophoresis, the red cell protein, band 4.1, separates into a and b forms, which are closely sequence related polypeptides. In membranes from patients with hemolytic anemia, the relative amount of band 4.lb is increased, which has led to a suggestion that the relative proportion of these two 4.1 forms might be age dependent (Sauberman N, Fortier NL, Fairbanks GF, O'Connor RJ, Snyder LM 1979 Biochim Biophys Acta 556:292-313). We have measured the relative proportions of bands 4.la and b in the red cells of seven patients with transient erythroblastopenia of childhood. In this disease, temporary cessation of erythroid cell production occurs, and the circulating red cells represent an aged cohort of erythrocytes. At diagnosis, the band 4.1 of red cell membranes was nearly entirely in the a form, and as reticulocyte levels rose during recovery, the predominant form became 4.lb. After recovery, the a/b ratio returned to normal. A transient period of moderate reticulocytosis and high levels of 4.la could be detected in some cases, presumably marking the beginning of the recovery phase. These results support the proposal that the 4.1 band ratio is an internal marker of cell age in the human erythrocyte. (Pediatr Res 21 : [275] [276] [277] [278] 1987) Abbreviations who present with TEC are devoid of erythroid precursors in the marrow. Thus, this disease provides an experiment of nature useful in identifying the characteristics of aging red cells. The erythrocytes in the circulation of patients with TEC are aging cells, since they are not replenished during the period of marrow aplasia. In addition, it is reasonable to assume that the circulating cells are normal, since they were produced before the onset of the disease. We have taken advantage of this fact to demonstrate that the membrane skeleton protein, band 4. lb, is converted to 4. la in aging human erythrocytes.
METHODS

Preparation of erythrocytes and ghosts. Cells from whole blood
anticoagulated with heparin were washed once in 5 mM Tris, 140 mM NaCl, pH 7.4, containing 1 mM EDTA. They were then passed over a microcellulose column (4) to remove white cells and washed in the same buffer with 20 pg/ml PMSF added to inhibit proteolysis. Ghosts were prepared by lysis and washing in low ionic strength Tris buffer (5 mM Tris, 7 mM NaCl, 1 mM EDTA, 20 pg/ml PMSF, pH 7.4). Membranes were solubilized immediately prior to electrophoresis, by the addition of an equal volume of denaturing buffer containing 2.0% SDS, 20% sucrose, 2.0 mM EDTA, 80 mM DTT, and 20 mM Tris, pH 8.0, and immersion in a boiling water bath for 3 min. Electrophoresis was performed on 4-12% gradients of acrylamide using the Laemmli Tris-glycine buffer system, pH 9.0 (5), since this buffer system resolves the a and b forms of band 4.1. The relative proportions of various bands were quantitated by scanning Coomassie blue stained gels on a Zieneh densitometer.
Patient samples. Blood samples were obtained from patients with hemolytic anemias and TEC after informed consent.
TEC, transient erythroblastopenia of childhood PMSF, phenylmethylsulfonylfluoride SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis RBC, red blood cell DTT, dithiothreitol RESULTS TEC is a relatively uncommon childhood disorder characterized by temporary cessation of erythroid cell production, while leuckocyte and platelet production apparently remains normal (1, 2). Typically, the marrow recovers spontaneously, although supportive transfusions are occasionally required. Following recovery, these children have normal hematological findings. The causative agent has not yet been identified, although both humoral and cellular inhibitors of erythropoiesis have been shown to be present in these children (3) . Classically, those children TEC patients. Seven patients with TEC were studied, using SDS-gel electrophoresis. In the Laemmli gel system, protein band 4.1 splits into two polypeptides, 4.la (83,000 Da) and 4.lb (8 1,000 Da). In the TEC patients, band 4.1 b, the lower band of the 4.1 doublet, was absent or markedly reduced in the cells at diagnosis and in the immediate postdiagnosis period, when reticulocyte counts were zero (Fig. IA, lane B) . The relative proportions of the erythrocyte membrane proteins in these seven children with TEC at diagnosis are shown in Table 1 , where the preponderance of 4.1 a in these senescent cells is evident. During resolution of the disease, reticulocyte counts rise abruptly as normal red cell production recovers, and 4. l b appears in the red cells ( (6) . In several of these cases, the membranes were deficient in spectrin but the increased ratio of 4.lb to 4.la was always seen, independently of the amount of spectrin. Both the TEC and the hemolytic anemia data, therefore, support the identification of 4. l b as a marker for reticulocytes or young erythrocytes. Three of the patients recovered spontaneously without receiving transfusions, and in these children changes in the red cell membrane proteins could be followed during the recovery phase. Transfusions were necessary in the other four patients, eliminating any sequential study, but electrophoresis of RBC membranes obtained when they were hematologically normal showed a normal pattern.
In Figure 2 , the reticulocyte level in all the samples we have examined is given as a function of a-b/a+b, where a and b are reticulocyte levels are very low or zero, the parameter is positive, since, as expected from the SDS gels shown above, TEC patients at diagnosis show greater 4. la than 4.1 b levels. The unexpected finding in Figure 2 is an association between moderately high reticulocyte levels and the highest values of the parameter, i.e. in those samples where the preponderance of 4. la is greatest.
This paradoxical finding is clarified by an examination of the three cases in which we were able to obtain longitudinal data, permitting the evolution of the band 4.1 pattern to be followed over time (Fig. 3) . In patient RD, the first sample was obtained when reticulocyte levels were zero and 4.la>b. The second sample was obtained during recovery (reticulocytes high and b>a). The final sample was obtained from patient RD after recovery (4. la = 4.1 b). These data are in accord with the proposal that 4.la is a marker for mature red cells. For patient CD, however, the timing of the samples within the cycle of disease and recovery was different. The first sample was obtained before recovery began. The second sample, however, was clearly obtained as the reticulocyte level rose, but before enough young cells entered the circulation to change the a/b ratio of the red cell population. The association of high levels of 4. la and moderate reticulocytosis is therefore characteristic of the earliest stage of recovery. This explains the presence of significant reticulocyte levels in populations of senescent red cells, at the right side of Figure 2 .
DISCUSSION
The structural integrity of the red cell depends on a twodimensional network lining the cytoplasmic surface of the cell membrane (7) . The major components of this network are spectrin, an elongated tetrameric molecule, linked to short filaments of actin. Protein 4.1 is a phosphorylated membrane protein that binds to spectrin (8) and promotes the association of spectrin and actin (9) . Other observations strongly support a role for protein 4.1 in maintaining membrane integrity and red cell shape: deficiency of band 4.1 is associated in two kindreds with hemolytic elliptocytosis (10, 1 1); and defective spectrin-4.1 binding is associated with some cases of hereditary spherocytosis (1 2). Protein 4.1 appears as a single band on SDS gel electrophoresis of the red cell membrane proteins when the continuous buffer systems (13) are used. However, band 4.1 resolves into two components, 4. la (83,000 daltons) and 4.1 b (8 1,000 daltons), in the discontinuous buffer system of King and Laemmli (5). They are dosely related molecules, with nearly identical tryptic digestion patterns (14) . The exact reasons for the difference in the migration of 4.la and b on discontinuous SDS-PAGE are not known. Since band 4. la has a higher estimated molecular weight than tional modification that occurs during cell aging apparently results in the addition of a small polypeptide. This is unlikely, however, given the restricted metabolic abilities of the mature red cell, and the differences in migration in discontinuous SDS-PAGE is more likely due to a posttranslational modification leading to a charge difference or to intramolecular links.
In this study we present evidence that the relative proportions of band 4.1 a and b are age-dependent in the human erythrocyte. TEC is a unique disorder in which there is temporary suppression of erythroid differentiation (1-3) . Thus, at the time of marrow red cell aplasia, the circulating erythrocytes represent primarily older red cells produced prior to marrow suppression, while during recovery the younger erythrocytes and reticulocytes predominate. This experiment of nature provides an opportunity to study the age-related changes in the relative proportion of band 4.la and b in senescent human erythrocytes. Sauberman et al. (6) have previously shown that 4.la is deficient in red cells of patients with a variety of hemolytic anemias, and they suggested that younger red cells are deficient in 4. la. We have verified this result, both with hemolytic anemia patients and in recovering TEC patients, whose red cells uniformly show very high levels of band 4. lb. The use of TEC erythrocytes during the period of marrow suppression has enabled us to make the additional observation that this ratio reverses in older erythrocytes, where most of the band 4.1 is in the "a" form. Morrison et al.
( 1 5) have provided evidence that the same phenomenon of protein conversion occurs in mice, using a hypertransfusion protocol to suppress erythropoesis. Bands 4. la and b have not been purified as distinct proteins and therefore it is not yet possible to determine whether the two proteins differ significantly with relation to their effect on the interaction of spectrin and actin. Recent data of Goodman et al. (14) suggest that both bind to spectrin heterodimers in solution. Therefore, at this stage, it is premature to speculate that any differences in the stability of membrane skeleton or the deformability of younger and older red cells could be explained solely on the basis of differences in the ratios of 4.1 a and b.
Beutler and Hartman (16) recently determined enzyme levels in TEC patients and noted that most levels did not decline with age. This brings into question a commonly used criterion (17) for aged red cells, the loss of certain catalytic activities. Our studies show that the time-dependent conversion of band 4. lb to 4.la, predicted earlier by Sauberman et al. (6) , is a valid marker for cell senescence and may be a more valid criterion than the level of enzymatic activity. In addition, longitudinal studies of three children suggest that in TEC there is a transient stage of moderate reticulocytosis with a high proportion of 4. la, characterizing the initial stages of recovery. The relative proportions of 4.la and b could therefore be used to confirm the diagnosis of TEC in patients first seen in the early stages of recovery.
